Abstract
2 evolution of the concentrations at the pumping well of CFC-11, CFC-12, CFC-113 and SF 6 . 22
Apparent ages evolve because of the modifications of the flow pattern and because of the non-23 linear evolution of the tracer atmospheric concentrations. To identify the respective role of 24 these two causes, we propose two successive analyses. We first convolute residence time 25 distributions initially arising at different times at the same sampling time. We secondly 26 convolute one residence time distribution at various sampling times. We show that flow 27 pattern modifications control the apparent ages evolution in the first pumping year when the 28 residence time distribution is modified from a piston-like distribution to a much broader 29 distribution. In the first pumping year, the apparent age evolution contains transient 30 information that can be used to better constrain hydrogeological systems and slightly 31 compensate for the small number of tracers. Later, the residence time distribution hardly 32 9 ( 7 ) ( 8 ) ( 9 ) with C (x,t) the solute concentration at the position x and at the time t; θ the effective porosity; 166 Q w (t) the rate of the pumping well; C w (t) the solute concentration at the pumping well; C 0 (x) 167 the initial condition; C 1 (t) is the boundary condition on a first-type boundary (Γ 1 ) -such as the 168 tracer atmospheric concentration at the free surface boundary -and q(x,t) the pseudo transient 169 Numerical methods
171
The unconfined flow equations are solved using a computationally effective finite-volume 172 approach with a local adaptation scheme (Bresciani et al., 2011) Kinzelbach, 1988 ) and adapted to the 177 unconfined conditions and to the backward-time resolution. We inject particles proportionally 178 to flow (Kreft and Zuber, 1978) at the pumping well cell and tracked them to the aquifer free10 surface. The chosen number of injected particles (5x10 6 ) is determined through a convergence 180 test of the mean and the variance of the residence time distribution. Flow and transport 181 simulations are carried out using the H2OLAB platform (Bresciani et The first cause is the evolution of the recharge date distribution p(t w -t) because of the 198 modification of flow conditions that can be traced back to equation 1 through equations 2-11. 199
The shift from ambient to pumping conditions does not only change the flow magnitude but 200 also the flow pattern, the recharge and discharge locations as well as the water mixing within 201 the radius of action of the well (Bredehoeft, 2002) . This first cause is solely linked to the flow 202 conditions and does not depend on the tracer characteristics. 203
The second cause of the age variation directly comes from the tracer atmospheric Flatter evolutions characteristic of the CFCs after the early 1990s give a higher but more 209 equilibrated contribution of the shorter residence times. Depending on the sampling date t w , 210 this equilibrated contribution is more or less significant. This effect occurs both in transient 211 and steady-state flow conditions (Troldborg et al., 2008; Waugh et al., 2003; Zhang, 2004) . 212
Even under steady-state flow conditions, the non-linear evolution of the atmospheric 213 concentration C in (t) lets the sampled concentration evolve. Under simpler terms, the evolution 214 of the sampled concentration does not only come from the evolution of the system but also 215 from the modification of the "observation device" (C in ). 216
It should be noted that this second effect is irrelevant when mixing is minimal like within the 217 framework of the piston-flow model. In such cases, the residence time distribution resumes to 218 
233
This section first reports the temporal evolution of the apparent ages at the pumping well for 234 the hydrogeological model numbered 1 of the site of Ploemeur described in section 1 and in 235 Table 1 . It then analyses the respective effects of the modification of the flow pattern and of 236 the evolution of the tracer atmospheric concentration. The implication of the temporal 237 evolution of the apparent ages for models segregation is further discussed in section 4.1 by 238 comparing the results of the models numbered 1 and numbered 2. 239 3.1.
Temporal evolution of apparent age 240 Figure 3 shows the evolution of the apparent ages from CFC-11, CFC-12, CFC-113 and SF 6 241 concentrations with the sampling date t w ranging from 1994 (ambient conditions) to 2009 242 13 (Table 2) . At first sight, the apparent ages increase first sharply after the start of pumping and 243 then more smoothly whatever the tracer. We indeed expect that the modifications of flow are 244 maximal just after the start of the pumping and later decrease. Though similar, the apparent 245 ages derived from the CFCs and SF 6 still exhibit some differences induced by the tracer 246 atmospheric concentration C in (t). The temporal evolution is minimal for SF 6 The increase of the apparent ages in the models considered here is somehow counterintuitive. 252
Indeed, in the exponential model (Haitjema, 1995) , the residence time distribution is 253 independent of the pumping rate. Besides, in the piston-flow model, as said in section 2.5, 254 apparent ages remain constant whatever the sampling dates due to minimal mixing. When 255 starting a pumping in those conditions, one would expect an increase of velocity that would 256 directly reduce the residence time and then the apparent ages. In the more complex system 257 modeled here, pumping has a nontrivial effect on the apparent ages. Further insight is given 258 by the analysis of the recharge date distribution p(t w -t) and its temporal evolution. 
Methodology 284
To assess the role of the temporal evolution of the recharge date distribution (p(t w -t) in 285 equation 12), we filter out the evolution of the tracer atmospheric concentration (C in (t) in 286 equation 12). To this end, we translate the distributions (Table 2) ). We will discuss in section 308 4.1 the interest of these differences for model segregation. We have checked that the 309 conclusions were the same for the other sampling dates of Table 2 . 310 3.3.
Effect of the temporal evolution of the atmospheric 311 concentration 312
Methodology 313
To assess the influence of the tracer atmospheric concentration C in (t) independently of the 314 flow pattern modifications, we compute the apparent ages at six translated sampling dates 315 (Table 2) 
p(t w -t). 367
Figure 9 compares the temporal evolution of the CFC-12 age for the models numbered 1 and 368 numbered 2 (Table 1) The results of the models in section 3 suggest that with negligible temporal change of the 394 recharge date distribution, the apparent age should continuously increase whatever the tracer 395 and within the date interval 2000-2010. The CFC-12 age increase at the Ploemeur site is 396 similar in terms of magnitude to that of the models. CFC-12 data thus suggest that the tracer 397 age evolution in that discharge area mainly comes from the temporal evolution of the 398 10). The first phase is consistent with the previous modeling result of a quick transition from 418 the piston-like recharge date distribution to the more extended one. The short duration of the 419 first phase is consistent with the fast temporal evolution of the recharge area (Figure 11) . 420
Before pumping, the recharge area is a small zone upstream of the well (blue line). It quickly 421 expands to a much larger area around the well only after one year of pumping (green line). 422
Actually, the pumping well collects water that naturally discharged in wetlands next to it and 423 transforms a wide discharge zone to a point-like one. 424
22
The 2 nd phase corresponds to a slight increase of the chloride concentration (Figure 10 ). This 425 increase does not come from the changes of the recharge area induced by the evolution of the 426 flow pattern, in this case marginal (from orange to purple curves in Figure 11 ). It more likely 427 comes from the modification of the deep water fraction coming from the main aquifer -i.e. 428 the contact zone -that dips quasi-vertically at about 1,500m from the pumping well (Figure  429 11, (Ruelleu et al., 2010) ). Its evolution only affects recharge dates earlier than 1940 and 430 Tables   605   Table 1 : Parameters of the two hydrogeological models of the site of Ploemeur used in this 606 study with their reference work. H TOT represents the mean thickness of the aquifer system 607 composed of the micaschists and of the contact zone (Figure 1) . The two models have been 608 calibrated on the piezometric level at the pumping well and on CFC-12 apparent age at the 609 pumping well. 610 
